Abstract: The present work reports a simple adapted co-precipitation method for the synthesis of stable Ce-substituted Ca hydroxyapatite (HAp) nanoparticles. The structural and morphological properties of the Ce-doped hydroxyapatite (Ce:HAp) were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDAX). The optical properties of the Cedoped hydroxyapatite were also investigated using Fourier transform infrared (FTIR) spectroscopy, Fourier transform Raman spectroscopy and photoluminescence analysis. The results of the XRD studies revealed the progressive increase in the a-and c-axes with increasing Ce concentration. In the FTIR studies of Ce:HAp powders, a structure similar to that of hydroxyapatite was observed. The IR and Raman wavenumbers and the peak strengths of the bands associated with the P-O and O-H bonds decreased progressively with increasing Ce concentration. All the emission maxima could be attributed to 5d-4f transitions of the Ce ions. The displacements of the maximum emission bands with increasing Cerium in the samples were in agreement with the results obtained by XRD studies. The Ce:HAp samples with x Ce = 0.03 and 0.05 exhibited significant antibacterial activity against Staphylococcus aureus and Escherichia coli bacterial strains compared to Ce:HAp samples with x Ce = 0 (pure HAp) and 0.01.
INTRODUCTION
Hydroxyapatite is one of the most studied biomaterial with the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 , (HAp) and represents the principal inorganic component 434 CIOBANU, POPA and PREDOI of bones and teeth. Its excellent biological properties (biocompatibility, osteoconductivity, inductivity, etc.) have made HAp a suitable material for the biomedical field. [1] [2] [3] [4] [5] [6] Recent studies demonstrated that the structure of apatite allows a large number of substitutions. [7] [8] [9] These substitutions modify the physical, chemical and biological properties of HAp. Moreover, the crystallinity, solubility and thermal stability are also influenced by the substitution of Ca with different ions (Eu, Ag, Sm, Zn, Cu, etc.). The substitution of Ca with Ce is also possible because their radius and electronegativity are very similar.
Studies conducted by Doat et al. showed that lanthanide-doped hydroxyapatite (e.g., europium-doped hydroxyapatite) nanoparticles could be used as bioactive fluorescent carriers of biological molecules and drugs. [10] [11] [12] It is well known that the morphology, structure and physicochemical properties of HAp powders depend on the synthesis method. Thus, various techniques are used to synthesize hydroxyapatite nanopowders, such as precipitation, sol-gel, solid-state reactions, pyrolysis, microwave synthesis, a mechanochemical route. [13] [14] [15] [16] It was found that cerium (Ce) can act similarly to calcium in the human body and accumulate in bones. According to these results, cerium-doped hydroxyapatite could improve/stimulate metabolism. 17, 18 On the other hand, cerium ions also have antimicrobial activity and unique regenerative properties. Moreover, recent studies showed that the use of cerium in dentistry may help prevent cavities. 19, 20 These biological properties make cerium suitable for applications in the biomedical field. 21 A large number of studies were also conducted in order to discover new biomaterials with improved biological and physicochemical properties (especially antibacterial and luminescent) in order to be successfully used in the biomedical field.
As Ce cations possess luminescent properties (under UV excitation 22, 23 ) and antimicrobial activity, their incorporation in the structure of HAp could lead to a biomaterial being obtained with promising applications in medicine (for imaging, drug delivery, etc.). 24 The present structural, morphological and optical studies were conducted on Ca 10-x Ce x (PO 4 ) 6 (OH) 2 (Ce:Hap) synthesized by the co-precipitation method. Small concentrations of cerium (x Ce = 0.01, 0.03 and 0.05) were incorporated in the hydroxyapatite structure in order to demonstrate that Ca was replaced by Ce in the apatite lattice. The structural changes to the apatite lattice after Ca substitution by Ce at small concentrations is described herein for the first time. All Ce:HAp samples were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX), Fourier transform infrared (FTIR) spectroscopy, FT Raman spectroscopy and photoluminescence analysis. This study proposes various complementary characterization techniques for a general understanding of what occurs in the apatite lattice when Ca is replaced by Ce.
The aim of this work was also to study the influence of cerium on the physicochemical, photoluminescent and antimicrobial properties of hydroxyapatite doped with small concentrations of cerium.
In addition, the results obtained in this study could be of importance for future studies concerning the influence of rare earths on various ceramic materials.
EXPERIMENTAL

Powders preparation
In 4 ( ≥98 %, Sigma-Aldrich) was dissolved in deionised water, resulting 350 mL of solution (solution 2). Both solutions were obtained under vigorous stirring (300 rpm, 150 °C, 1 h) on a magnetic stirrer (Velp Scientifica). Solution 2 was dropped into solution 1 under vigorous stirring (300 rpm) at 100 °C. The pH of the mixture was adjusted to 10 by the addition of NH 4 OH. The resulting precipitate was washed several times with deionised water and then filtered. The powder was dried at 100 °C for 48 h in an air oven.
Powders characterization
The powders were investigated by X-ray diffraction using a Bruker D8 Advance diffractometer, with nickel filtered CuK α (λ = 1.5418 Å) radiation and a high efficiency onedimensional detector (Lynx Eye type) operated in the integration mode. The diffraction patterns were collected in the 2θ range 20-60°, with a step of 0.02° and 34 s measuring time per step. Insightful analyses of the Ce:HAp structures were performed by Rietveld refinement analysis using the MAUD code. 25, 26 Transmission electron microscopy (TEM) studies were realised using a JEOL 200 CX instrument. Scanning electron microscopy (SEM) measurements were performed using a Quanta Inspect F microscope from the FEI Company, equipped with an energy-dispersive X-ray spectrometer (EDAX). The FTIR studies of the powders were performed on a Spectrum BX Spectrometer using the KBr pellet technique. The spectra were registered in the spectral region 400-4000 cm -1 with a resolution 4 cm -1 and 128 scans. An FT Raman Bruker RFS 100 spectrophotometer was used in order to obtain complementary information about optical properties of the Ce:HAp powders. The powders were excited using a laser wavelength of 1064 nm. The spectra were recorded with a resolution of 4 cm -1 and 100 scans. The fluorescence emission spectra were obtained on a HORIBA Scientific Fluorolog-3 spectrofluorometer (model FL3-2iHR320 with Hamamatsu R-928 PMT).
Antibacterial tests
The antibacterial activity of Ce:HAp samples were investigated against Gram-positive and Gram-negative bacterial strains, i.e., Staphylococcus aureus ATCC 6538 and Escherichia coli 714. The antibacterial activity was assessed using the standardized Kirby-Bauer disc diffusion method. 27 The S. aureus ATCC 6538 and E. coli 714 bacterial strains were acquired 436 CIOBANU, POPA and PREDOI from American Type Culture Collection. The Ce:HAp samples were inoculated on MuellerHinton agar plates followed by incubation at 37 °C for 24 h. To evaluate the antibacterial activity of the Ce:HAp samples, the inhibition areas were examined. The total diameter (in mm) of the inhibition zone was measured for each sample. The survival rates of the S. aureus and E. coli bacterial strains were evaluated after they had been exposed to the Ce:HAp and pure HAp (as reference) bioceramic powders. The tests for all Ce:HAp samples were performed in triplicate.
RESULTS AND DISCUSSIONS
The X-ray diffraction patterns of cerium doped hydroxyapatite, Ca 10-x Ce x (PO 4 ) 6 (OH) 2 , with different concentrations of cerium (x Ce = 0.01, 0.03 and 0.05) are depicted in Fig. 1A . The broad peaks in the X-ray diffraction patterns assigned to the characteristic (002), (210), (211), (300), (202), (310), (222), (123) and (004) planes of Ca 10-x Ce x (PO 4 ) 6 (OH) 2 were in accordance with the expected patterns for crystalline hydroxyapatite with a hexagonal structure (JCPDS No. 9-432). Separate phases for cerium oxide or other impurity phases were not observed in these diffraction patterns. Nevertheless, when some Ca sites were replaced by Ce, there was some distortion of the lattice cell parameters. For the peaks registered at lower degrees, a slight shift was observed. This behaviour seems to be the effect of substitutions that change the crystal structure (Fig. 1B) , which according to Lim et al. 28 suggests a significant incorporation of the dopants into the apatite lattice. The crystallite sizes of all the Ce:HAp samples decreased with increasing Ce concentration in the samples (Table I) . In this study, both the a-and c-axes increased with increasing Ce substitution (Table I ). This result is logical because the ionic radius of Ce (0.107 nm) is greater than that of Ca (0.100 nm) and packaging of the larger size atoms has the tendency to distort the lattice parameters. [29] [30] [31] [32] These results obtained from XRD studies demonstrate that the Ce:HAp powders synthesised by the adapted co-precipitation method revealed the characteristic structure of hydroxyapatite with good crystal structure without the presence of any new phase or impurity. In order to examine the microstructure and elemental composition of Ce:HAp powders, scanning electron microscopy studies were performed. The SEM images and EDAX spectra of the Ce:HAp samples are presented in Fig. 2 . From the 
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CIOBANU, POPA and PREDOI SEM images, it could be observed that the increase in the Ce concentration slightly influenced the morphology of the samples. However, the ellipsoidal shape of the nanoparticles was preserved in all the samples. The SEM micrographs confirmed the nanometric dimensions of the particles but also their tendency to agglomerate. This tendency to agglomerate is due most probably to the nanometric dimensions of the particles. The EDAX spectra (Fig. 2b) of the studied powders confirmed the presence of all constituent elements of the Ce:HAp powders: Ce, Ca, P and O. In the tables inserted in the EDAX spectra, the calculated atomic ratios of the constituent elements for each powder are presented. These results suggest that cerium ions were incorporated in the hydroxyapatite structure. Moreover, these studies confirmed the increase of the Ce concentrations in the samples.
The TEM images of the synthesized samples are presented in Fig. 3 (left) . The TEM images clearly demonstrated the morphologies of Ce:HAp nanoparticles. The grain size of the Ce:HAp samples determined from TEM images are in full agreement with the results from the XRD studies. The mean particle size was determined from TEM images after counting approximately 500 nanoparticles Fig. 3 (right) . Therefore, the average particle size obtained for Ce:HAp with x Ce = 0.01 was 26.5±0.5 nm, for the Ce:HAp powder with x Ce = 0.03, it was 23±0.1 nm and for Ce:HAp with x Ce = 0.05, it was 19.5±0.1 nm.
In the FTIR spectra of cerium doped hydroxyapatite (Fig. 4) , characteristic vibrational bands related to phosphate, hydroxyl and adsorbed water were present. Moreover, an additional band attributed to the carbonate group (1269 cm -1 ) was also presented. The vibrational bands from the region 3100-3460 cm -1 were attributed to adsorbed water. The bands at 3577 and 631 cm -1 were assigned to the stretching and vibrational mode of the hydroxyl group (OH -). [33] [34] [35] The presence of the 440 CIOBANU, POPA and PREDOI bands at 566, 603 (assigned to the ν 4 bending mode of PO 4 3-groups) and 631 cm -1 indicate the formation of a well crystallized powder.
The phosphate ν 1 stretching mode band was present at 960 cm -1 and the PO 4 3-ν 3 stretching mode band at 1094 and 1037 cm -1 . Furthermore, the band at 470 cm -1 was assigned to the ν 2 bending mode band of the PO 4 3-group. In addition, the IR wavenumber and the peak strength of the P-O and O-H bonds decreased progressively with increasing Ce concentration.
Complementary information to those obtained by FTIR spectroscopy was obtained by Raman spectroscopy. The main vibrational bands observed in the Raman spectra (Fig. 5) were attributed to the stretching (ν 3 and ν 1 ) and bending (ν 4 ) modes of the phosphate group from the HAp structure. The bands from 594 and 610 cm -1 were assigned to the ν 4 bending mode of the PO 4 3-group. On the other hand, the phosphate ν 1 stretching mode band appeared at 965 cm -1 and another stretching mode (ν 3 ) was observed at 1053 cm -1 . In the Raman spectra we could also observe that the intensity of the vibrational bands decreased with the increase of Cerium concentration in the powders. This behaviour is due to the substitution of Ca ions with larger ions (Ce) in the HAp lattice which leads to a decrease of bonding strength of P-O. 23 These results obtained by Raman spectroscopy are in good agreement with the information derived from the FTIR studies presented above. On the other hand, the results obtained by FTIR and Raman spectroscopy confirmed the XRD analysis.
The emission spectra of Ce:HAp samples with x Ce = 0.01; 0.03 and 0.05 are presented in Fig. 6 . Under an excitation of 250 nm, the spectrum had a maximum at around 390 nm and a shoulder at about 350 nm that covered the wavelength range from 330 to 430 nm. As the spectra were asymmetric, they were deconvoluted into four Gaussian peaks with maxima at around 390, 375, 357 and 347 nm (Fig. 7) . All these emission maxima could be attributed to 5d-4f transitions of the Ce ions. In the structure of HAp two types of Ca site (positions) are present: Ca (I) and Ca (II). Here, the emission maximum around 360 nm is attributed to Ce ion which substituted the Ca(I) position in the hydroxyapatite structure. 36 In addition, the emission band at around 390 nm occurred due to Ce ion that substituted the Ca(II) position. The results reported in this paper are in good agreement with data reported in the literature. 36 Furthermore, it is obvious that the intensity of the emissions bands increased with increasing cerium concentrations in the samples. Furthermore, the maximum emission bands were displaced with increasing cerium in the samples. These results are in agreement with the results obtained by XRD studies.
The antimicrobial activity of the cerium substituted hydroxyapatite against E. coli 714 and S. aureus ATCC 6538 bacteria was studied after 24 h incubation (Figs. 8 and 9 , respectively). The antimicrobial activity of the cerium-substituted hydroxyapatite was compared with that of pure hydroxyapatite (x Ce = 0), which was considered as the reference. According to a previous study, 37 pure HAp did not exhibit any antibacterial effect against E. coli 714 and S. aureus ATCC 6538. The results of this study suggest that the survival rate of E. coli 714 bacterial strain decreased with increasing concentration of Ce in the hydroxyapatite. Moreover, for x Ce = 0.05, the antibacterial effect against E. coli 714 was significant (*p < 0.05, compared to pure HAp). The survival rate of S. aureus in dependence on the concentration of Ce in the analyzed samples is presented in Fig. 9 . The survival rate of the S. aureus ATCC 6538 bacterial strain decreased with increasing concentration of Ce in the hydroxyapatite. However, the survival rate of S. aureus ATCC 6538 was still around 10 % when x Ce = 0.05. To demonstrate that the antimicrobial effect of Ce:HAp was greater against Gram--negative bacteria than Gram-positive bacteria, future studies on the effect against several strains of Gram-positive and Gram-negative are required. The results of this research demonstrated that cerium-doped hydroxyapatite may be prepared by the co-precipitation method at low temperatures. Ce 3+ can enter into the HAp structure by substituting calcium ions. After substituting Ca 2+ in hydroxyapatite structure, the crystallite sizes of Ce:HAp decreased with increasing cerium concentration. According to previous studies, 38 the crystallinity decreased gradually with increasing cerium concentration in the Ce:HAp samples. Many studies have been focused on the synthesis of various materials based on rare earth elements with antimicrobial activity and their applications in different biological fields was highlighted. 39 The antimicrobial activity of the cerium-substituted hydroxyapatite with low concentrations of cerium was compared to that of pure HAp. The antimicrobial activities of pure HAp against E. coli 714 and S. aureus ATCC 6538 were comparable with previous results. 8, 9 On the other hand, the present study demonstrated that the antimicrobial activities of hydroxyapatite doped with low concentrations of cerium against E. coli 714 and S. aureus ATCC 6538 were more pronounced than those reported in previous studies for copper-doped hydroxyapatite. 40 In addition, the present study also showed that the antimicrobial activity of cerium-substituted hydroxyapatite was more pronounced than the antimicrobial activity of both unsubstituted hydroxyapatite and fluorapatite. 41, 42 This result could be explained by the interaction of cerium ions present in the hydroxyapatite structure with the cell membrane that could lead to structural damage and death of the cells. 43, 44 This research demonstrated that cerium is a good candidate that could impart excellent antibacterial activity on HAp. 
CONCLUSIONS
In this article, the synthesis of hydroxyapatite doped with small concentration of cerium is reported. The lattice parameters showed that Ce substituted Ca in the apatite structure. The crystal size decreased with increasing concentration of Ce. The results obtained in the XRD studies demonstrated that the Ce:HAp powders synthesized by an adapted co-precipitation method gave hydroxyapatite with a good crystalline structure without any new phases or impurities. The nanometric dimensions of the particles were confirmed by SEM and TEM micrographs. Raman and FTIR studies confirmed the initial results obtained by XRD investigations. The deconvolution of the emission spectra of all Ce:HAp samples revealed four peaks that could be attributed to 5d-4f transitions of the Ce ions. This research demonstrated that cerium is a good candidate that can provide HAp an excellent antibacterial activity. In conclusion, the results presented in this paper encourage further studies and research on the antimicrobial properties of cerium-doped hydroxyapatite aimed at possible applications as an antimicrobial agent. У раду је приказан једноставни модификовани копреципитациони поступак за син-тезу стабилних Cе-допираних наночестица Cа-хидроксиапатита (HAp). Структурна и морфолошка својства синтетисаних прахова Cе:HAp су испитивана применом ренд-генске дифракционе анализе (XRD), трансмисионе електронске микроскопије (TEM), скенирајуће електронске микроскопије (SEM) и енергетске дисперзивне спектроскопије (EDS). Оптичка својства Cе-допирараних хидроксиапатита су испитивана применом инфрацрвене спектроскопије са Фуријеовим трансформацијама (FTIR), Раман спек-троскопије са Фуријеовим трансформацијама и фотолуминисцентном анализом. Резул-тати XRD анализе су показали да долази до континуалног повећања а и c параметара јединичне ћелије са повећањем концентрације церијума. FTIR анализа прахова Cе:HAp је показала сличну структуру добијених прахова. IR и Раман таласни бројеви, као и интензитети трака које одговарају везама P-О и О-H опадају континуално са повећањем концентрације Cе. Сви емисиони максимуми могу се приписати 5d-4f прелазу Cе-јона. 
